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One  of  the  most  popular  techniques  of  renewable  energy  generation  is  the  installation  of  photovoltaic 
(PV)  systems  using  sunlight  to  generate  electrical  power.  There  are  many  factors  that  affecting  the  oper¬ 
ation  and  efficiency  of  the  PV  based  electricity  generation  systems,  such  as  PV  cell  technology,  ambient 
conditions  and  selection  of  required  equipment.  There  is  no  much  study  that  presents  all  factors  affecting 
efficiency  and  operation  of  the  entire  PV  system,  in  the  literature.  This  paper  provides  a  detailed  review 
of  these  factors  and  also  includes  suggestions  for  the  design  of  more  efficient  systems.  The  presented 
detailed  overview  will  be  useful  to  people  working  on  theory,  design  and/or  application  of  photovoltaic 
based  electricity  generation  systems. 
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1.  Introduction 

Sunlight  is  the  source  of  solar  energy  regarded  as  an  alterna¬ 
tive  source  of  energy  along  with  other  renewable  energy  sources 
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such  as  hydrogen  and  wind.  Solar  energy  is  a  vital  that  can  make 
environment  friendly  energy  more  flexible,  cost  effective  and  com¬ 
mercially  widespread.  Therefore,  it  is  widely  used  today  in  many 
applications  such  as  water  heating  system,  satellite  power  system 
and  electricity  power  generation  and  others  [1  ]. 

One  of  the  promising  applications  of  renewable  energy  technol¬ 
ogy  is  the  installation  of  photovoltaic  (PV)  systems  using  sunlight  to 
generate  electrical  power  without  emitting  pollutants  and  requir¬ 
ing  no  fuel.  The  main  countries  eader  in  PV  market  are  Spain, 
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Germany,  USA,  Japan,  and  China  [2].  The  efforts  of  these  countries 
are  summarized  as  follows: 

•  Spain  became  the  PV  market  leader,  with  2.6  GW  of  new  grid-tied 
installations  [3].  As  a  result,  the  global  PV  market  has  grown  by 
around  5600  MW.  This  enormous  100%  increase  compared  with 
the  2007.  But,  with  a  cap  of  500  MW  in  2009,  it  also  means  that 
the  Spanish  market  will  decrease  in  size  by  at  least  80%  (or  more 
than  2100  MW)  this  year  [4].  Spain’s  low  ranking  here  means  that 
the  country  still  has  a  long  way  to  go  to  fully  benefit  from  this  type 
of  energy,  and  that  greater  use  should  be  made  of  solar  power  in 
the  design  and  construction  of  houses  [5]. 

•  The  cumulative  installed  PV  power  in  Germany  increased  to 
5.3  GW  by  the  end  of  2008.  Annually  installed  power  in  2008  was 
approximately  1500  MW.  Germany  remained  the  one  leading  PV 
market  worldwide  just  after  Spain.  More  than  a  third  of  the  global 
cumulative  PV  power  installed  is  located  in  Germany.  Although 
the  absolute  market  figures  keep  growing  in  Germany,  the  mar¬ 
ket  share  of  Germany  in  Europe  has  been  shrinking  during  the  last 
year  as  markets  like  Spain  and  Italy  finally  followed  the  successful 
German  path  [6]. 

•  The  third  largest  PV  market  was  the  USA  with  624  MW  of  PV 
installations  in  2006,  and  a  cumulative  installed  PV  capacity  total¬ 
ing  1.45  GW  [7]. 

•  Japan  is  an  important  market  player  with  respect  to  both  the 
global  supply,  i.e.  its  domestic  PV  industry,  and  the  demand  for  PV, 
i.e.  its  strong  domestic  market.  This  country  was  the  worldwide 
market  leader  until  the  end  of  2004  and  after  this  year  changed 
its  first  place  in  favour  of  Germany  [8].  The  cumulative  installed 
PV  capacity  in  Japan  reached  1.71  GW  in  2006  [7]. 

•  China’s  PV  industry  is  growing  faster  than  perhaps  any  other 
country  in  the  world  [9].  At  present,  the  PV  industry  of  China  has 
a  huge  development  in  past  10  years.  For  example,  the  yield  of 
Chinese  PV  in  2007  is  more  than  1200  MW,  and  which  has  share 
of  35%  in  whole  world,  which  ranks  the  first  in  the  world  [10]. 
PV  power  generation  will  play  a  significant  role  in  China’s  future 
energy  supply  [11]. 

Reliable  knowledge  on  the  PV  systems  is  essential  for  efficiency, 
correct  product  selection,  and  accurate  prediction  of  the  electricity 
production.  The  efficiency,  defined  as  the  ratio  of  the  power  gener¬ 
ated  to  the  solar  irradiance  incident  on  the  PV  panel,  is  an  important 
factor  affecting  the  system  design  [12]. 

A  PV  module  or  PV  panel  is  a  packaged  interconnected  assem¬ 
bly  of  PV  cells.  The  PV  module,  known  more  commonly  as  the 
solar  panel,  is  then  used  as  a  component  in  a  larger  PV  system  to 
offer  electricity  for  commercial  and  residential  applications  [13]. 
Another  term,  PV  array  consists  of  a  number  of  individual  PV  mod¬ 
ules  connected  together  (serial  or  parallel)  to  give  a  suitable  current 
and  voltage  output. 

Although  the  installation  cost  of  PV  system  is  high  but  the  advan¬ 
tage  of  PV  source  is  free.  The  major  problem  for  the  PV  cell  is  that  it 
has  low  efficiency  if  the  position  and  usage  of  the  PV  cell  is  not  suit¬ 
able.  It  needs  maximum  sunlight  to  produce  the  highest  efficiency. 
Furthermore,  there  are  many  factors  that  affecting  the  operation 
and  efficiency  of  PV  based  electricity  generation  system,  such  as  PV 
cell  technology,  ambient  conditions  and  selection  of  used  equip¬ 
ment. 

Up  to  the  present,  most  of  the  studies  have  been  interested  in 
only  specific  factors  affecting  efficiency  of  PV  panels  and/or  PV  sys¬ 
tems.  There  is  no  much  study  that  presents  all  factors  affecting 
efficiency  and  operation  of  the  entire  PV  system,  in  the  literature. 
This  paper  focuses  on  almost  all  of  these  factors.  Firstly,  an  overview 
of  the  PV  cells/panels  and  PV  electricity  generation  systems  are 
presented.  Then,  the  affects  of  PV  cell  technology  and  ambient  con¬ 
ditions  are  described.  The  selection  criterion  of  required  equipment 
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Fig.  1.  The  photovoltaic  effect  in  PV  cells  [15]. 


such  as  battery  and  power  electronic  controllers  also  presented. 
Power  quality  requirements  for  the  grid-connected  systems  are 
also  mentioned. 

2.  Overview  of  PV  cells 

2.2.  Structure  and  operation  ofPV  cells 

PV  cells/modules  are  designed  for  outdoor  use  in  such  harsh 
conditions  as  marine,  tropic,  arctic,  and  desert  environments.  The 
choice  of  the  PV  material  can  have  important  effects  on  system 
design  and  performance.  Both  the  composition  of  the  material  and 
its  atomic  structure  are  influential.  PV  materials  include  silicon, 
gallium  arsenide  (GaAs),  copper  indium  diselenide  (CuInSe2),  cad¬ 
mium  telluride  (CdTe),  indium  phosphide,  and  many  others.  The 
atomic  structure  of  a  PV  cell  can  be  monocrystal,  multiycrystalline, 
or  amorphous  [14]. 

To  understand  the  operation  of  a  PV  cell,  it  is  need  to  consider 
both  the  nature  of  the  material  and  the  nature  of  sunlight.  PV  cells 
consist  of  two  types  of  material;  p-type  silicon  and  n-type  silicon. 
Light  of  certain  wavelengths  is  able  to  ionize  the  atoms  in  the  silicon 
and  the  internal  field  produced  by  the  junction  separates  some  of 
the  positive  charges  (holes)  from  the  negative  charges  (electrons) 
within  the  PV  device.  The  holes  are  swept  into  the  p-layer  and  the 
electrons  are  swept  into  n-layer.  Although  these  opposite  charges 
are  attracted  to  each  other,  most  of  them  can  only  recombine  by 
passing  through  an  external  circuit  outside  the  material  because  of 
the  internal  potential  energy  barrier.  Therefore  if  a  circuit  as  shown 
in  Fig.  1  is  composed,  power  can  be  produced  from  the  cells  under 
illumination,  since  the  free  electrons  have  to  pass  through  the  load 
to  recombine  with  the  positive  holes  [15]. 

2.2.  Characteristics  of  a  PV  cell 

As  was  mentioned  above,  PV  cells  are  made  of  semi-conductor 
materials,  usually  silicon,  and  are  specially  treated  to  form  an  elec¬ 
tric  field  with  positive  on  one  side  (backside)  and  negative  on  the 
other  side,  facing  the  sunlight.  When  solar  energy  (photons)  hits 
the  PV  cell,  electrons  are  knocked  loose  from  the  atoms  in  the 
semiconductor  material,  creating  electron-hole  pairs.  If  electrical 
conductors  are  attached  to  the  positive  and  negative  sides,  form¬ 
ing  an  electrical  circuit,  the  electrons  are  captured  in  the  form  of 
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Fig.  2.  Circuit  diagram  of  single  PV  cell. 


electric  current,  called  photocurrent,  Ipu .  As  can  be  understood  from 
this  description,  during  darkness  the  PV  cell  is  not  active  and  works 
as  a  diode  (p-n  junction)  that  does  not  produce  any  current  or  volt¬ 
age.  However,  if  it  is  connected  to  an  external,  large  voltage  supply, 
it  generates  a  current,  called  the  diode  or  dark  current,  ID.  A  PV  cell 
is  usually  represented  by  an  electrical  equivalent  one-diode  model, 
shown  in  Fig.  2.  This  circuit  can  be  used  for  an  individual  PV  cell,  a 
PV  module  consisting  of  a  number  of  cells,  or  an  PV  array  consisting 
of  several  modules  [14]. 

As  shown  in  Fig.  2,  the  model  contains  a  current  source,  Iph,  one 
diode,  and  a  series  resistance  Rs,  which  represents  the  resistance 
inside  each  cell.  The  diode  has  also  an  internal  shunt  resistance.  The 
net  current  is  the  difference  between  the  photocurrent  IPH,  and  the 
normal  diode  current  ID,  given  by  [14]: 


I  =  Iph  ~  b 


V  +  IRS 

Rsh 


I  ph  ~  I  o 


exp 


fe(V  +  IRs)\ 
V  kTc  ) 


V  +  IRS 
Rsh 


It  should  be  noted  that  the  shunt  resistance  is  usually  much  big¬ 
ger  than  a  load  resistance,  whereas  the  series  resistance  is  much 
smaller  than  a  load  resistance.  Therefore,  by  ignoring  these  two 
resistances,  the  net  current  is  the  difference  between  the  photocur¬ 
rent  IPH,  and  the  normal  diode  current  JD,  given  by  [14]: 


f  =  I ph  ~  b  =  Iph  ~  b 


where  k  is  Boltzmann’s  gas  constant,  1381  x  10-23  J/K;  Tc  is 
absolute  temperature  of  the  cell  (K);  e  is  electronic  charge, 
1602  x  1 0-19  J/E;  Vis  voltage  imposed  across  the  cell  (V);  I0  is  dark 
saturation  current,  which  depends  strongly  on  temperature  (A). 

Another  important  equation  is  for  open  circuit  voltage  Voc'. 


Voc 


Fig.  3  shows  an  I-V  characteristic  of  PV  module  together  with  the 
power  curve  [16]. 
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Fig.  3.  I-V  characteristic  of  a  crystalline  silicon  PV  module  with  the  variation  of 
power  [16]. 
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Fig.  4.  Schematic  diagram  of  a  stand-alone  PV  application. 


3.  PV  systems 

There  are  two  major  PV  based  electricity  generation  systems. 
These  are: 

•  Stand-alone  PV  system. 

•  Grid-connected  PV  system. 

3. 2 .  Stand-alone  PV  system 

Many  PV  systems  operate  in  a  stand-alone  mode.  Such  systems 
consist  of  a  PV  generator,  energy  storage  (for  example  a  battery), 
charge  controllers,  AC  and  DC  consumers  and  power  conditioners. 
Per  definition,  a  stand-alone  system  involves  no  interaction  with  a 
utility  grid.  A  PV  generator  can  contain  several  PV  arrays,  while  each 
array  is  composed  of  several  PV  modules.  The  battery  bank  stores 
energy  when  the  power  supplied  by  the  PV  modules  exceeds  load 
demand  and  releases  it  backs  when  the  PV  supply  is  insufficient. 
The  load  for  a  stand-alone  PV  system  can  be  of  many  types,  both 
DC  (television,  lighting,  etc.)  and  AC  (electric  motors,  heaters,  etc.). 
The  power  conditioner  system  (inverter,  etc.)  provides  an  interface 
between  all  the  elements  of  the  PV  system,  giving  protection  and 
control  [17]  (Fig.  4). 

3.2.  Grid-connected  PV  system 

In  the  grid-connected  PV  system,  PV  systems  are  connected  to 
the  local  electricity  network.  This  means  that,  during  the  day,  the 
electricity  generated  by  the  PV  system  can  either  be  used  imme¬ 
diately  (which  is  suitable  for  systems  installed  in  offices,  other 
commercial  buildings,  and  industrial  applications)  or  be  sold  to 
one  of  the  electricity  supply  companies  (which  is  more  common 
for  domestic  systems,  where  the  occupier  may  be  out  during  the 
day)  [14], 

In  the  evening,  when  the  PV  system  is  unable  to  provide  the  elec¬ 
tricity  required,  power  can  be  bought  back  from  the  local  network. 
This  type  PV  system  does  not  need  to  include  battery  storage.  The 
block  diagram  of  a  grid-connected  system  is  shown  in  Fig.  5  [14]. 

3.3.  System  equipments 

Equipments  that  related  with  PV  systems  described  above, 
include  batteries,  charge  controllers,  inverters,  and  maximum 
power  trackers. 

3.3.2.  Batteries 

Batteries  accumulate  excess  energy  created  by  PV  system  and 
store  it  to  be  used  at  night  or  when  there  is  no  other  energy  input. 
Batteries  can  discharge  rapidly  and  yield  more  current  that  the 
charging  source  can  produce  by  itself,  so  pumps  or  motors  can  be 
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Fig.  5.  Schematic  diagram  of  a  grid-connected  system. 


run  intermittently.  Different  chemicals  can  be  combined  to  pro¬ 
duce  batteries.  Some  combinations  are  low  cost  but  low  power 
also,  others  can  store  huge  power  at  huge  prices.  The  main  types  of 
batteries  available  today  include  lead-acid,  nickel  cadmium,  nickel 
hydride,  and  lithium  [18].  Deep-cycle  lead-acid  batteries  are  the 
most  commonly  used.  These  can  be  flooded  or  valve-regulated  bat¬ 
teries  and  are  commercially  available  in  a  variety  of  sizes.  Flooded 
(or  wet)  batteries  require  greater  maintenance  but,  with  proper 
care,  can  last  longer,  whereas  valve-regulated  batteries  require  less 
maintenance  [14]. 

Batteries  are  used  mainly  in  stand-alone  PV  systems  to  store  the 
electrical  energy  produced  during  the  hours  when  the  PV  system 
covers  the  load  completely  and  there  is  excess  or  when  there  is  sun¬ 
shine  but  no  load  is  required.  Additionally,  batteries  are  required 
in  such  a  system  because  of  the  fluctuating  nature  of  the  PV  system 
output  [14]. 

3.3.2.  Charge  controllers 

The  main  task  of  PV  charge  controller  (regulator)  is  to  charge 
the  battery  and  to  protect  it  from  deep  discharging.  Deep  discharg¬ 
ing  could  damage  the  battery.  Charge  controller  electronics  is  most 
sensitive  and  crucial  to  assuring  stable  PV  system  operation  [19]. 

There  are  many  different  types  of  charge  controllers  available  on 
the  market,  the  simplest  switch  on/off  regulators,  PWM  charge  con¬ 
trollers  which  charge  the  battery  with  constant  voltage  or  constant 
current  (these  are  the  most  often  used  regulators  in  PV  systems)  and 
the  most  complex  maximum  power  point  tracking  (MPPT)  charge 
controller  [19]. 

Charge  controller  functioning  is  characterized  by  two  different 
voltage  thresholds,  battery  and  PV  module  voltage,  upon  which  the 
battery  is  charged.  At  higher  voltage,  usually  12.5V  for  12  V  bat¬ 
teries,  charge  controller  switches  the  load  to  the  battery,  at  lower 
voltage,  typically  11.5  V,  controller  switches  the  load  off.  The  con¬ 
troller  adjusts  the  two  voltage  thresholds  automatically  according 
to  the  battery  type  [19]. 

Most  controllers  have  two  main  modes  of  operation  [14]: 

•  Normal  operating  condition,  where  the  battery  voltage  varies 
between  the  acceptable  maximum  and  minimum  values. 

•  Over-charge  or  over-discharge  condition,  which  occurs  when  the 
battery  voltage  reaches  a  critical  value. 


Fig.  6.  Operating  principle  of  over-charge  and  over-discharge  protection  [14].  (a) 
over-charge  and  (b)  over-discharge. 


power  back  into  the  mains  supply.  Therefore,  the  inverter  designers 
should  carefully  specify  the  aim  of  usage. 

PV  inverters  use  special  control  for  PV  array,  including  MPPT  and 
anti-islanding  protection.  PV  inverters  may  be  classified  into  three 
broad  types: 

•  Stand-alone  inverters  are  used  in  isolated  systems  where  the 
inverter  draws  its  DC  energy  from  batteries  charged  by  PV  arrays 
and/or  other  sources,  such  as  wind  turbines,  hydro  turbines,  or 
engine  generators.  Many  stand-alone  inverters  also  incorporate 
integral  battery  chargers  to  replenish  the  battery  from  an  AC 
source,  when  available.  Normally  these  do  not  interface  in  any 
way  with  the  utility  grid,  and  as  such,  are  not  required  to  have 
anti-islanding  protection  [20]. 

•  Grid-tie  inverters  are  designed  to  shut  down  automatically  upon 
loss  of  utility  supply,  for  safety  reasons.  They  do  not  provide 
backup  power  during  utility  outages  [20]. 

•  Battery  backup  inverters  are  special  inverters  which  are  designed 
to  draw  energy  from  a  battery,  manage  the  battery  charge  via 
an  onboard  charger,  and  export  excess  energy  to  the  utility  grid. 
These  inverters  are  capable  of  supplying  AC  energy  to  selected 
loads  during  a  utility  outage,  and  are  required  to  have  anti¬ 
islanding  protection  [20]. 

3.4.  An  example  PV  based  system  design  of  a  home  appliance 

In  simple  terms,  there  are  two  main  types  of  PV  systems  for 
home  appliances: 

•  A  grid  connected  (also  known  as  grid-tied)  system  (Table  1)  pro¬ 
vides  for  an  interactive  exchange  of  power  between  home  system 
and  the  grid  network. 

Electricity  needs  of  a  residential  will  be  provided  with  solar 
energy  using  a  system  that  includes  PV  panels  (36  pcs  of 
1 56  mm  x  1 56  mm  multicrystalline  PV  cells)  to  approximately  20 
units,  inverters  which  will  convert  DC  power  produced  by  PV  pan¬ 
els  into  AC  power  to  be  used  by  most  of  home  appliances,  an 
electric  meter  is  a  device  that  measures  the  amount  of  electrical 
energy  consumed  by  a  residence  and  control  system  panel. 

•  A  stand-alone  (also  known  as  off-grid)  system  (Table  2)  is  which 
is  not  interconnected  with  the  grid.  It  is  mostly  used  in  remote 
locations  with  no  connection  to  the  central  grid  system. 

If  the  system  has  been  establishment  to  move  to  the  countryside, 
away  from  it  all,  off-grid  PV  panel  system  is  suitable. 


These  second  modes  are  obtained  by  using  a  switch  with  a  hys¬ 
teresis  cycle,  such  as  electromechanical  or  solid-state  devices.  The 
operation  of  a  controller  switch  is  shown  in  Fig.  6  [14]. 

3.3.3.  Inverters 

An  inverter  is  used  to  convert  the  DC  into  AC.  Various  types  of 
inverters  are  available,  but  not  all  are  suitable  for  use  when  feeding 


Table  1 

Parameters  for  an  example  of  grid-tied  PV  panel  system. 


Grid-tied  PV  panel  system 

PV  panel 

120WP,  21,82  V,  7,46 A 

20x 

Inverter-1 

2000  W 

2x 

Inverter-2 

1000W 

lx 

Other 

Electrical  meter  and  control  system  panel 
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Battery 

12  Volt. 

Group 

30  Cur. 

12  Volt. 

60  Amp.h 

Power:  120  W 
Voltage:  21,82  Volt. 
Current:  7,46  Amp. 


Inverter 
2000  W 
12/220  V 


Inverter 
2000  W 
12/220  V 


Inverter 
1000  W 
12/220  V 


LOAD 


Fig.  7.  Design  of  a  5  kW  electrical  power  needs  of  a  home  with  PV  panels  [21  ]. 


In  the  design  procedure,  5  kW  systems  shown  in  Fig.  7,  needed 
in  current  [21]: 


1  = 


P 

U  •  cos  tp 


5000 

220.1 


22.72  (cos^  =  l) 


120WP  watts  of  power  to  each  module,  the  voltage  is  21,82  and 
current  is  7,46.  If  the  serial  and  parallel  connection  of  PV  pan¬ 
els  required  by  making  use  of  current  and  voltage  values  can  be 
obtained.  Accordingly 

The  total  power  of  PV  panels: 


P  =  20  •  120  =  2400  W  =  2.4  kW 


The  current  value  is  obtained: 


/  =  4-  (7,  46)  =  29,  84 
The  voltage  value  is  obtained: 


V  =  5  •  (21,  82)  =  109, 1 


4.  The  factors  affecting  operating  and  efficiency  of  PV 
based  electricity  generation  systems 

4.1.  Effects  ofPV  technology  types 

Many  types  of  PV  cells  are  available  today.  This  section  gives 
details  on  the  types  of  the  PV  cells  that  are  currently  in  the  manu¬ 
facturing,  research  and  development  stage. 

•  Mono  crystalline  silicon  cells:  These  cells  are  made  from  pure 
monocrystalline  silicon.  In  these  cells,  the  silicon  has  a  single 
continuous  crystal  lattice  structure  with  almost  no  defects  or 
impurities.  The  main  advantage  of  monocrystalline  cells  is  their 
high  efficiency,  which  is  typically  around  15%.  The  disadvan¬ 
tage  of  these  cells  is  that  a  complicated  manufacturing  process 
is  required  to  produce  monocrystalline  silicon,  which  results 
in  slightly  higher  costs  than  those  of  other  technologies  [14]. 


Table  2 

Parameters  for  an  example  of  off-grid  PV  panel  system. 


Off-grid  PV  panel  system 

PV  panel 

120WP,  21,82  V,  7,46 A 

20x 

Inverter-1 

2000  W 

2x 

Inverter-2 

1000W 

lx 

Battery 

12  V,  60  Ah 

20x 

Charge  Regulator 

30  A,  12  V 

lx 

Crystalline  silicon  cell  technology  is  well  established  and  the  PV 
modules  have  long  lifetimes  (20 years  or  more)  [22]. 

•  Multicrystalline  silicon  cells:  A  less  expensive  material,  multicrys¬ 
talline  silicon,  by  passes  the  expensive  and  energy-intensive 
crystal  growth  process.  Multicrystalline  cells  are  produced  using 
numerous  grains  of  monocrystalline  silicon.  In  the  manufactur¬ 
ing  process,  molten  multicrystalline  silicon  is  cast  into  ingots, 
which  are  subsequently  cut  into  very  thin  wafers  and  assembled 
into  complete  cells.  Multicrystalline  cells  are  cheaper  to  produce 
than  monocrystalline  ones  because  of  the  simpler  manufacturing 
process  required.  They  are,  however,  slightly  less  efficient,  with 
average  efficiencies  being  around  12%  [14,22]. 

•  Amorphous  silicon  cells:  Generally,  the  main  difference  between 
these  cells  and  the  previous  ones  mentioned  above  is  that,  instead 
of  the  crystalline  structure,  amorphous  silicon  cells  are  com¬ 
posed  of  silicon  atoms  in  a  thin  homogenous  layer.  Additionally, 
amorphous  silicon  absorbs  light  more  effectively  than  crystalline 
silicon,  which  leads  to  thinner  cells,  also  known  as  a  thin  film  PV 
technology.  Thin  film  solar  has  approximately  15%  market  share; 
the  other  85%  is  crystalline  silicon  [23].  The  greatest  advantage  of 
these  cells  is  that  amorphous  silicon  can  be  deposited  on  a  wide 
range  of  substrates,  both  rigid  and  flexible.  Their  disadvantage  is 
the  low  efficiency,  which  is  on  the  order  of  6%  [14]. 

•  Other  types  of  cells:  In  addition  to  the  above  types,  a  number  of 
other  promising  materials,  such  as  CdTe  and  CuInSe2,  are  used 
today  for  PV  cells.  The  main  trends  today  concern  the  use  of  poly¬ 
mer  and  organic  PV  cells.  The  attraction  of  these  technologies  is 
that  they  potentially  offer  fast  production  at  low  cost  in  compar¬ 
ison  to  crystalline  silicon  technologies,  yet  they  typically  have 
lower  efficiencies  (around  4%),  and  despite  the  demonstration  of 
operational  lifetimes  and  dark  stabilities  under  inert  conditions 
for  thousands  of  hours,  they  suffer  from  stability  and  degradation 
problems  [14].  Each  semiconducting  material  has  its  own  prop¬ 
erties  which  make  it  more  or  less  suitable  for  use  in  a  PV  cell. 
One  of  these  properties  is  the  so-called  band  gap,  which  is  the 
energy  gap  an  electron  must  cross  in  order  to  be  promoted  from 
the  valence  band  to  the  conduction  band  [24].  In  the  literature 
studies  [22],  it  has  been  shown  that  silicon,  with  its  bandgap  of 
1 .1 2  eV,  is  not  optimal.  Materials  with  bandgaps  nearer  to  1 .5  eV, 
such  as  GaAs  and  CdTe,  have  higher  theoretical  efficiencies  [22]. 
Maximum  limiting  efficiency  is  found  by  considering  all  of  these 
factors  show  that  Fig.  8. 

As  mentioned  above,  a  single-material  PV  cell  can  convert 
only  about  15%  of  the  available  energy  to  useful  electrical  power. 
To  improve  this  performance,  multiple  cells  with  different  band 
gaps,  which  are  more  complex  and  therefore  more  expensive, 
can  be  used.  These  are  called  multi-junction  PVs.  Particularly;  a 
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Fig.  8.  Relationship  between  bandgap  and  efficiency  for  PV  cells  [38]. 


triple-junction  PV  produced  recently  achieved  a  remarkable  40% 
efficiency.  This  PV  consists  of  three  layers  of  PV  material  placed 
one  atop  the  other.  Each  of  the  three  materials  captures  a  sepa¬ 
rate  portion  of  the  solar  spectrum  and  the  objective  is  to  capture 
as  much  of  the  solar  spectrum  as  possible.  These  are  much  more 
expensive  than  other  silicon  PV  cells,  but  their  efficiency  offsets 
their  high  cost,  and  in  concentrating  systems,  a  small  area  of  these 
cells  is  required  [14]. 

Another  way  to  increase  the  effectiveness  of  PVs  according  to 
their  technology  is  to  concentrate  sunlight  on  small,  highly  efficient 
PV  cells  using  inexpensive  reflective  material,  lenses,  or  mirrors. 
These  are  known  as  concentrating  photovoltaics  (CPVs).  Today,  the 
technology  takes  up  a  very  small  portion  of  the  solar  industry;  how¬ 
ever,  it  is  expected  that  the  CPV  industry  will  soon  take  up  a  larger 
share  of  the  solar  market  as  technology  improves  and  cost  comes 
down  [14]. 

4.2.  Effects  of  ambient  conditions 

There  are  various  ambient  conditions  that  affect  the  output  of  a 
PV  power  system.  These  factors  should  be  taken  into  consideration 
so  that  the  customer  has  realistic  expectations  of  overall  system 
output. 

Module  temperature  is  a  parameter  that  has  great  influence  in 
the  behavior  of  a  PV  system,  as  it  modifies  system  efficiency  and 
output  energy.  In  addition  to  this,  the  atmospheric  parameters  such 
as  irradiance  level,  ambient  temperature,  wind  speed,  dirt/dust  and 
the  particular  installing  conditions  have  influence,  too. 

Temperature  effects  are  the  result  of  an  connatural  characteris¬ 
tic  of  crystalline  silicon  cell-based  modules.  They  tend  to  produce 
higher  voltage  as  the  temperature  drops  and,  conversely,  to  lose 
voltage  in  high  temperatures.  Any  PV  module  or  system  derat¬ 
ing  calculation  must  include  adjustment  for  the  temperature  effect 
[25,26]. 

As  temperature  increases,  the  band  gap  of  the  semiconductor 
shrinks,  and  the  open  circuit  voltage  Voc  decreases  following  the 
p-n  junction  voltage  temperature  dependency  of  seen  in  the  diode 
factor  q/kT.  PV  cells  therefore  have  a  negative  temperature  coeffi¬ 
cient  of  V0dP )•  Moreover,  a  lower  output  power  results  given  the 
same  photocurrent  IPH  because  the  charge  carriers  are  liberated  at 
a  lower  potential  [27]. 

As  temperature  increases,  again  the  band  gap  of  the  intrinsic 
semiconductor  shrinks  meaning  more  incident  energy  is  absorbed 
because  a  greater  percentage  of  the  incident  light  has  enough 
energy  to  raise  charge  carriers  from  the  valence  band  to  the  conduc- 


Fig.  9.  Effects  of  irradiation  and  cell  temperature  on  PV  cell  characteristic  (a)  effect 
of  increased  irradiance  and  (b)  effect  of  increased  cell  temperature  [14]. 


tion  band.  A  larger  photocurrent  results;  therefore,  ISc  increases  for 
a  given  insulation,  and  PV  cells  have  a  positive  temperature  coeffi¬ 
cient  of  7sc(o0  [27].  This  effect  would  raise  the  theoretical  maximum 
power  by  the  relationship  below  (4): 

Pmax  =  he  x  ^OC  (4) 


The  influences  of  temperature  and  irradiance  on  the  cell  character¬ 
istics  are  shown  in  Fig.  9.  As  seen  from  Fig.  9(a),  the  open  circuit 
voltage  increases  logarithmically  by  increasing  the  solar  radiation, 
whereas  the  short  circuit  current  increases  linearly.  The  influence  of 
the  cell  temperature  on  the  cell  characteristics  is  shown  in  Fig.  9(b). 
The  main  effect  of  the  increase  in  cell  temperature  is  on  open  circuit 
voltage,  which  decreases  linearly  with  the  cell  temperature;  thus 
the  cell  efficiency  drops.  As  can  be  seen,  the  short  circuit  current 
increases  slightly  with  the  increase  of  the  cell  temperature  [14]. 

The  procedure  to  determine  the  normal  operating  cell  temper¬ 
ature  ( NOCT )  of  a  PV  module  included  in  the  IEC  standards  [28,29] 
is  based  on  the  fact  that  the  difference  between  the  module  tem¬ 
perature  Tm  and  the  ambient  temperature  Tamb  can  be  considered 
independent  of  the  ambient  temperature  and  linearly  propor¬ 
tional  to  the  irradiance  at  levels  above  400  W/m2.  An  example  of 
application  of  NOCT  determination  is  the  calculation  of  module 
temperature  from  ambient  temperature,  available  solar  irradiance 
and  NOCT  following  the  known  equation  [30]: 

Tm  =  Tamb  +  (NOCT-  20)  3L  (5) 

where  E  the  irradiance  in  W/m2. 

A  PV  cell’s  energy  conversion  efficiency  ( r\ ,  “eta”),  is  the  percent¬ 
age  of  power  converted  (from  absorbed  light  to  electrical  energy) 
and  collected,  when  a  PV  cell  is  connected  to  an  electrical  circuit. 
This  term  is  calculated  using  the  ratio  of  the  maximum  power  point, 
Pmax,  divided  by  the  input  light  irradiance  (F,  in  W/m2)  under  stan¬ 
dard  test  conditions  and  the  surface  area  of  the  PV  cell  (Ac  in  m2) 
[31]: 


4  = 


1  max 

fa7 


The  efficiencies  in  a  PV  module  are  decreased  with  increasing  the 
module  temperature  Tm.  The  variation  of  a  sample  PV  module  [32] 
efficiency  r\  with  the  module  temperature  Tm  f  is  given  by  the  char¬ 
acteristic  in  Fig.  10. 

An  effective  way  of  improving  efficiency  and  reducing  the  rate 
of  thermal  degradation  of  a  PV  module  is  by  reducing  the  oper¬ 
ating  temperature  of  its  surface.  This  can  be  achieved  by  cooling 
the  module  and  reducing  the  heat  stored  inside  the  PV  cells  dur¬ 
ing  operation.  As  an  example,  solar-water  pumping  system  can  be 
given.  Such  a  system  consists  of  a  PV  module  cooled  by  water,  a 
water  pump,  and  a  water  storage  tank.  Cooling  of  the  PV  module  is 
achieved  by  introducing  water  trickling  configuration  on  the  upper 
surface  of  the  module.  The  results  [33]  indicated  that  due  to  the 
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Fig.  10.  Relationship  of  the  PV  module  efficiency  (77)  and  PV  module  temperature 
(I'm)  [32]. 

heat  loss  by  convection  between  cooling  water  and  the  PV  mod¬ 
ule’s  upper  surface,  an  increase  of  about  15%  in  system  output  is 
achieved  at  peak  solar  irradiation  conditions.  And  also  the  results 
of  such  a  system’s  indicated  that  an  increase  of  5%  in  delivered 
energy  from  the  PV  module  can  be  achieved  during  dry  and  warm 
seasons. 

Another  important  factor  is  dirt/dust.  Dirt/dust  can  accumulate 
on  the  PV  module  surface,  blocking  some  of  the  sunlight  and  reduc¬ 
ing  output.  Although  typical  dirt/dust  is  cleaned  off  during  every 
rainy  season,  it  is  more  realistic  to  estimate  system  output  taking 
into  account  the  reduction  due  to  dust  buildup  in  the  dry  season. 
So  the  “1 00  W  module”  operating  with  some  accumulated  dirt/dust 
may  operate  on  average  at  about  79  W  [33]: 

•  A  manufacturer  may  rate  a  particular  PV  module  output  at  1 00  W 
of  power  under  standard  test  conditions,  and  call  the  product  a 
“100W  PV  module.”  This  module  will  often  have  a  production 
tolerance  of  ±5%  of  the  rating,  which  means  that  the  module  can 
produce  lOOWx  0.95  =  95  W. 

•  Output  power  of  the  PV  module  reduces  as  module  tempera¬ 
ture  increases.  When  operating  on  a  roof,  a  PV  module  will  heat 
up  substantially,  reaching  inner  temperatures  of  50-75  °C.  For 
crystalline  modules,  a  typical  temperature  reduction  factor  rec¬ 
ommended  by  the  CEC  is  89%  or  0.89.  So  the  “100-W  module  will 
typically  operate  at  about  95  W  x  0.89  =  85  W  under  full  sunlight 
conditions. 

•  A  typical  annual  dust  reduction  factor  to  use  is  93%  or  0.93.  A  “100- 
W  module,”  may  operate  on  average  at  about  85  W  x  0.93  =  79  W. 

4.3.  Effects  of  system  equipments 

4.3 A.  Battery  and  charge  control 

The  major  parameters  that  are  important  for  efficiency  of  PV  bat¬ 
teries  are  types  of  batteries,  capacity  of  batteries,  maximum  charge 
currents,  temperatures  and  manufacturer  tolerances  [34]. 

The  selection  of  battery  type  and  size  depends  mainly  on  the 
load  and  availability  requirements.  When  batteries  are  used  in  a 
PV  system,  they  must  be  located  in  an  area  without  extreme  tem¬ 
peratures,  and  the  space  where  the  batteries  are  located  must  be 
adequately  ventilated.  However,  for  more  capacity,  batteries  can  be 
arranged  in  parallel  [5]. 

Batteries  are  classified  by  their  nominal  capacity,  which  is  the 
number  of  ampere  hours  (Ah)  that  can  be  maximally  extracted  from 
the  battery  under  predetermined  discharge  conditions.  The  effi¬ 
ciency  of  a  battery  is  the  ratio  of  the  charge  extracted  (Ah)  during 
discharge  divided  by  the  amount  of  charge  (Ah)  needed  to  restore 


the  initial  state  of  charge.  Therefore,  the  efficiency  depends  on  the 
state  of  charge  and  the  charging  and  discharging  current  [14]. 

The  energy  produced  during  the  day,  which  was  not  consumed 
by  loads,  is  saved  in  batteries.  Saved  energy  can  be  used  at  night 
or  during  the  days  with  bad  weather  conditions.  Batteries  in  PV 
systems  are  often  charged/discharged;  therefore,  they  must  meet 
stronger  requirements  than  regular  batteries.  Regular  batteries  are 
not  suitable  for  PV  systems.  There  are  many  PV  battery  types 
available  in  the  market.  Most  often  used  classic  Pb  acid  batteries 
are  produced  especially  for  PV  systems,  where  deep  discharge  is 
required.  Other  battery  types,  such  as  NiCd  or  NiMH  are  rarely  used, 
unless  in  portable  devices.  Hermetical  batteries  often  consist  of 
electrolyte  in  gel  form.  Such  batteries  do  not  require  maintenance. 
Deep-cycle  lead-acid  batteries  can  be  flooded  or  valve-regulated 
batteries  are  commercially  available  in  a  variety  of  sizes.  Flooded 
(or  wet)  batteries  require  greater  maintenance  but,  with  proper 
care,  can  last  longer,  whereas  valve-regulated  batteries  require  less 
maintenance  [19]. 

Typical  PV  system  batteries  lifetime  spans  from  3  to  5  years, 
depending  heavily  on  charging/discharging  cycles,  temperature 
and  other  parameters.  The  PV  batteries  prices  are  higher  than  the 
prices  of  classic  car  batteries,  yet  their  advantages  are  longer  life¬ 
time  and  lower  discharging  rates.  Consequently,  the  maintenance 
costs  of  the  PV  system  are  lower  [19]. 

Normally,  charge  controllers  allow  the  battery  voltage  to  deter¬ 
mine  the  operating  voltage  of  a  PV  system.  However,  the  battery 
voltage  may  not  be  the  optimum  PV  operating  voltage.  Some  con¬ 
trollers  can  optimize  the  operating  voltage  of  the  PV  modules 
independently  of  the  battery  voltage  so  that  the  PV  operates  at  its 
maximum  power  point  [14]. 

4.3.2.  Inverters 

A  power  electronics  based  inverter  is  used  to  convert  the  DC  into 
AC  electricity.  The  structure  of  the  inverter  can  be  single  or  three 
phase.  Some  inverters  have  good  surge  capacity  for  starting  motors, 
others  have  limited  surge  capacity.  The  PV  system  designer  should 
specify  both  the  type  and  size  of  the  load  the  inverter  is  intended 
to  service. 

The  inverter  is  characterized  by  a  power  conversion  efficiency 
r\inv  [14].  Besides  changing  the  DC  into  AC,  the  main  task  of  the 
inverter  is  to  keep  a  constant  voltage  on  the  AC  side  and  convert 
the  input  power  Pin,  into  the  output  power  Pout  with  the  possible 
highest  efficiency,  given  by  (7): 

Pout  Vaclac  COS(Qf)  .  . 

’*”  -  7%  ’  v«w  (7) 

where  cos(Qf)  is  power  factor;  Idc  is  current  required  by  the  inverter 
from  the  DC  side;  Vdc  is  input  voltage  for  the  inverter  from  the  DC 
side. 

Numerous  types  of  inverters  such  as  line  commutated  and  self- 
commutated  (voltage  source  or  current  source)  are  available,  but 
not  all  are  suitable  for  use  when  feeding  power  back  into  the  net¬ 
work  as  in  PV  grid-connected  PV  system. 

In  a  grid-connected  PV  system,  if  the  power  conversion  effi¬ 
ciency  of  the  inverter  r\inv  is  too  small,  the  power  generated  by 
the  PV  array  cannot  be  output  to  the  AC  utility  system  effectively. 
It  is  thus  necessary  to  increase  the  conversion  efficiency  as  high 
as  possible.  To  improve  efficiency,  it  is  important  to  use  sophisti¬ 
cated  circuit  technology,  for  example,  to  reduce  conduction  losses 
of  semiconductor  switching  devices  and  losses  caused  by  switch¬ 
ing,  and  reduce  losses  caused  by  cables.  Some  inverters  had  been 
less  efficient,  but  efficiency  has  been  improved  in  recent  years  [35]. 

It  is  also  important  to  grasp  the  installation  environment  of 
the  inverter  for  the  PV  power  system,  and  to  take  into  considera¬ 
tion  the  influence  of  the  inverter  on  the  surrounding  environment. 
The  most  important  installation  conditions  of  the  inverter  are  the 
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ambient  temperature  condition,  the  requirements  for  waterproof¬ 
ness  and  dustproofness,  actual  audible  noise  level  of  the  inverter, 
and  applicable  regulations  for  power  quality  (or  electro-magnetic 
compatibility)  [35]. 

4.4.  Power  quality  requirement  for  the  grid  connected  PV  systems 

One  of  the  most  important  technical  issues  of  the  grid  connec¬ 
tion  of  local  power  generation  is  the  power  quality,  because  most 
of  the  equipments  can  experience  severe  problems  such  as  data 
losses,  malfunction,  control  errors,  when  the  power  supply  has  low 
power  quality.  For  any  grid  connected  PV  system,  power  factor  and 
harmonic  considerations  are  important.  The  local  PV  based  electric 
power  producers  must  follow  the  utility  requirements  of  main  grid 
interfacing.  Some  of  the  main  grid  interface  criteria  that  should  be 
checked  with  the  utility  are  as  follows  [36]: 

•  Harmonic  distortion. 

•  Power  factor  correction. 

•  Voltage  and  frequency  regulation. 

•  Protection  and  operation  criteria. 

•  Adequate  safeguard  against  islanding. 

The  harmonic  distortion  can  be  defined  as  that  particular  distur¬ 
bance  that,  originated  by  the  presence  of  non-linear  components 
in  the  electrical  systems,  determines  a  permanent  modification  of 
the  voltage  and  current  sinusoidal  wave  shapes,  in  terms  of  sinu¬ 
soidal  components  at  a  frequency  different  from  the  fundamental 
frequency.  PV  generators  are  connected  to  the  distribution  net¬ 
work  through  power  electronics  based  inverters  and  are  therefore 
potentially  able  to  cause  harmonics,  so  downgrading  the  quality  of 
electricity  and  altering  the  performances  of  other  equipment  sen¬ 
sitive  to  harmonics.  On  the  other  hand,  the  inverters  themselves 
are  sensitive  to  harmonics  and  may  operate  incorrectly  as  a  result 
of  the  harmonic  distortion  [37]. 

It  should  be  noted  that;  the  power  quality  and  availability  of 
a  grid  connected  PV  system  is  determined  by  its  power  condi¬ 
tioning  units.  The  power  conditioning  units  must  provide  DC  to 
AC  conversion,  peak  power  tracking  and  protection,  effectively. 
Recent  research  studies  have  proven  that  the  use  of  multilevel  PWM 
inverter  modules  employing  IGBTs  as  the  power  conditioners  has 
the  following  advantage:  they  can  be  applied  to  reach  high  voltages 
with  low  harmonic  distortion  without  the  use  of  transformers  [36]. 

5.  Discussions  and  conclusions 

One  of  the  most  popular  applications  of  renewable  energy  tech¬ 
nology  is  the  installation  of  PV  systems  using  sunlight  to  generate 
electrical  power.  In  this  paper,  a  detailed  overview  of  the  factors 
that  affecting  the  operation  and  efficiency  of  PV  based  electricity 
generation  systems  was  presented.  Main  topics  for  these  factors  are 
PV  cell  technology,  ambient  conditions  and  selected  equipment. 

According  to  detailed  overview  presented  in  this  paper,  the  fol¬ 
lowing  major  conclusions  can  be  summarized: 

•  Many  types  of  PV  cells  are  available  today  such  as  monocrys¬ 
talline,  multicrystalline,  multi-junction  and  concentrating.  The 
main  advantage  of  monocrystalline  cells  is  their  high  efficiency, 
but  the  disadvantage  of  these  cells  is  that  a  complicated  process 
is  required  to  produce  monocrystalline  silicon.  Multicrystalline 
cells  are  cheaper  to  produce  than  monocrystalline  types  because 
of  the  simpler  manufacturing  process  required.  However,  they  are 
slightly  less  efficient.  As  mentioned  above,  a  single-material  PV 
cell  has  only  about  15%  efficiency.  To  improve  this  performance 
up  to  40%,  multi-junction  cells  with  different  band  gaps  can  be 


used,  but  this  technology  is  more  complex  and  more  expensive. 
However,  another  way  to  increase  the  efficiency  is  to  concentrate 
sunlight  on  PV  cells  using  inexpensive  reflective  material  such  as 
lenses,  or  mirrors. 

•  There  are  various  ambient  conditions  such  as  irradiance,  temper¬ 
ature  and  dirt/dust  that  affect  the  output  of  a  PV  power  system. 
The  open  circuit  voltage  increases  logarithmically  by  increasing 
the  solar  radiation,  whereas  the  short  circuit  current  increases 
linearly  and  thus,  the  output  power  increases.  However,  the  main 
effect  of  the  increase  in  cell  temperature  is  on  open  circuit  volt¬ 
age,  which  decreases  with  the  cell  temperature.  The  short  circuit 
current  increases  slightly  with  the  increase  of  the  cell  tempera¬ 
ture,  thus  the  cell  efficiency  drops.  An  effective  way  of  improving 
efficiency  of  a  PV  module  is  by  reducing  the  operating  temper¬ 
ature  of  its  surface.  This  can  be  achieved  by  cooling  the  module 
and  reducing  the  heat  stored  inside  the  PV  cells  during  operation. 
Another  important  ambient  factor  is  dirt/dust.  Dirt/dust  can  accu¬ 
mulate  on  the  PV  module  surface,  blocking  some  of  the  sunlight 
and  reducing  efficiency. 

•  The  selection  and  design  of  required  equipment  such  as  bat¬ 
teries,  chargers,  power  electronic  devices  and  wiring  are  also 
vital  for  the  efficiency  and  operation  of  the  PV  systems.  Bat¬ 
teries  of  PV  systems  are  often  charged/discharged.  Therefore, 
they  must  meet  stronger  requirements  than  regular  batter¬ 
ies.  Flooded  batteries  require  greater  maintenance,  but  can  last 
longer.  However,  valve-regulated  batteries  require  less  mainte¬ 
nance  but  last  shorter.  Numerous  types  of  inverters  are  available, 
but  not  all  are  suitable  for  PV  systems.  If  the  power  conver¬ 
sion  efficiency  of  the  PV  inverter  is  small,  the  power  generated 
by  the  PV  array  cannot  be  output  to  the  utility  system  effec¬ 
tively.  To  improve  the  power  conversion  efficiency  of  PV  inverter, 
it  is  important  to  use  well-designed  circuit  technology,  for 
example,  to  reduce  conduction  and  switching  losses  of  semi¬ 
conductor  devices  and  to  reduce  losses  caused  by  connection 
cables. 

•  Another  important  issue  that  should  be  taken  into  account  for 
the  grid  connection  of  local  PV  power  generation  is  the  quality  of 
power  (especially  reducing  the  problems  caused  by  of  harmonics 
and  low  power  factor),  because  most  of  the  equipments  can  expe¬ 
rience  severe  problems  and  economical  losses  when  the  power 
supply  has  low  power  quality. 
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